Photostrictive materials, exhibiting light-induced strain, are of interest for the future generation of wireless remote control photo-actuators. Photostrictive actuators are expected to be used as the driving component in optically controlled flexible structures. In this paper, the photonic control of flexible spherical shells using discrete photostrictive actuators is investigated. This paper presents a coupled opto-piezothermoelastic shell theory that incorporates photovoltaic, pyroelectric and piezoelectric effects, and has the capability to predict the response of a spherical shell driven by the photostrictive actuators. In this study, the effects of actuator location as well as membrane and bending components on the control action have been analyzed. The results obtained indicate that the control forces are mode and location dependent. Analysis also shows that the membrane control action is much more significant than the bending control action.
Introduction
Over the last decade, extensive studies (Crawley 1994 , Fuller et al 1996 , Lim et al 1999 , Ma et al 2004 , Shih 2000 , Tzou 1998 ) have been carried out to achieve active control of highperforming flexible structures called 'smart structures' using piezoelectric materials, shape-memory alloys, etc. However, these smart material sensor/actuator systems are hard-wired. In many operating environments, the metallic signal wires are likely to attract electrical noise that will contaminate the control signals. To remedy this situation, optically driven and remotely actuated photostrictive actuators have been proposed (Fukuda et al 1993 , Liu and Tzou 1998 , Uchino 1990 , 1996 , Uchino et al 2001 .
Lanthanum-modified lead zirconate titanate (PLZT) ceramics can exhibit large photostriction under uniform irradiation by ultraviolet light. Due to its relatively high piezoelectric coefficient and ease of fabrication, PLZT is the most promising photostrictive material. In principle, the photostrictive effect arises from a superposition of photovoltaic effect and the converse piezoelectric effect. Photostriction is not the thermal dilatation associated with a temperature rise due to the light illumination.
The photostrictive actuator exhibits many advantages (including immunity to electromagnetic interference, non-contact actuation, light weight and small size) over the widely used electromechanical actuators. The PLZT-actuated beams, curved beams, plate and cylindrical shell structures have been recently investigated (Liu and Tzou 1998 , Shih et al 2003 , 2005 , Shih and Tzou 2001 .
Various shell-type components and structures are very common in many mechanical and structural systems. This study is to investigate the optical actuation effect of photostrictive materials applied to photonic control of shallow spherical shells. The fundamental photostrictive constitutive, which account for the coupled mechanical, electrical, thermal and optical responses of photostrictive actuators, is reviewed. Governing equations and the associated solution procedures based on the modal analysis techniques are presented. Distributed actuator control forces and control authorities at various actuator locations on a shallow spherical shell are investigated. Several issues about the actuator placement as well as membrane and bending control actions will be discussed.
Mathematical model of a spherical shell
In this section, the mathematical model of spherical shells is presented. A spherical shell coordinate system (φ, β, z) is employed where φ, β and z are the meridian, circumferential and transverse directions, respectively. u φ , u β and u z are the corresponding displacements. Three governing equilibrium equations, respectively in the meridian, the circumferential and the transverse directions, are
where N i j are the membrane forces, M i j are the bending moments, ρ is the mass density, h is the shell thickness and R is the shell radius. The transverse shear effects Q φz and Q βz are defined as
(5) Since the in-plane meridional and circumferential vibrations are usually small as compared with the transverse vibration, in this study only the transverse oscillation is considered. By substituting equations (4) and (5) into equation (3), the governing equation of motion in the transverse direction can be rewritten as
Photostrictive constitutive
Photostrictive materials are capable of producing strains under irradiation by high-energy light. An optical actuator is made up of photostrictive material as shown in figure 1. The polarization is in theẑ direction and thex -ŷ planes are the planes of the electrodes. Thê x-ẑ plane is used to receive the light input. The mechanism of photostriction can be understood as the superposition of the photovoltaic and converse piezoelectric effects. When photostrictive actuators are illuminated by light with certain wavelengths, a high voltage up to the order of kV mm
is generated between the two surface electrodes. This high photovoltage then induces mechanical strain along the polarization direction due to the converse piezoelectric effect.
The photo-induced electric field E ph (t) as a function of time, t, can be expressed as
where E s is the saturated photovoltaic field; E i denotes an initial electric field between the electrodes of the optical actuator; a s = L a /b a (length/width) is the aspect ratio; I o is the constant illumination intensity; and α is the optical actuator constant. When the light induced charge appears on the surface electrodes, voltage leakage is likely to occur. The voltage leakage can be estimated by
where ϕ is a constant related to voltage leakage. The existing voltage between the two surface electrodes can be determined by the induced photovoltaic voltage along with the voltage leakage. If the light intensity I (t) is a function of time, and E ph (t j ) denotes the photo-induced electric field at time t j while I (t) remains constant during the interval t, then the electric field E ph (t j ) which corresponds to t j = t j −1 + t, can be approximated by
When the light illumination is irradiating the surface of an optical actuator, the high-energy light can heat up the actuator and trigger the pyroelectric effect. Thus, an additional voltage is generated. The actuator temperature can be defined in a difference equation where θ(t j ) is the actuator body temperature at t j ; θ is the temperature variation; P is the absorbed heat from the light illumination; H is the heat capacity of the actuator; and γ is the heat transfer rate from the actuator to the host structure.
The electric field associated with the pyroelectric effect's contribution, E θ (t), can be determined from the following equation:
where P n is the pyroelectric constant and ε is the permittivity. As was mentioned earlier, photostrictive optical actuators, when unconstrained and activated by applying a high-intensity light, develop extensional strain along their polarization direction. By considering all the effects, the total photoinduced strains developed in the actuator can be expressed as
where d 33 is the piezoelectric-strain coefficient. The piezoelectric effect is typically characterized by a proportionality constant d i j that relates the field applied across the i direction with the actuation strain induced along the j direction. In this study, the 3 direction corresponds to theẑ direction, as shown in figure 1.
Modeling of spherical shells with photostrictive actuators
Based on the previous discussion, this section focuses on modeling of a simply supported shallow spherical shell with surface-bonded photostrictive actuators. In this study, it is assumed that the actuator patches are bonded perfectly to the spherical shell, and the thickness of the actuator patches, h a , is much less than the thickness of the shell. The actuators' mass and stiffness properties can be neglected. An actuator patch with edges defined by φ 1 , φ 2 , β 1 , β 2 , as shown in figure 2, produces a strain over its area. If the polarity of the actuator is in the φ direction, the actuator can be activated to produce a strain in the φ direction. As a result, the actuator can generate a membrane force. The photo-induced force is the product of direct stress and the thickness of the actuator patch
(13) where Y a is the Young's modulus of the actuator and H (•) is a unit step function. H (β − β * ) = 1 when β β * , and = 0 when β < β * . In the above equation,s is the photo-induced strain in the actuator and is defined by equation (12). The detailed derivation of equation (12) is presented in section 3. Strain (s) in the form of equation (12) shows that the control force (N c φφ ) is generated by the electric fields E ph and E θ . The bending moment induced by the actuator can be expressed as the product of the membrane force and the distance between the middle surface of the actuator patch and the middle surface of the shell, i.e.
In a similar manner, for another actuator patch with edges φ 3 , φ 4 , β 3 , β 4 and polarity in the β direction (see figure 3) , the induced membrane force N 
For a spherical shell with actuators in both φ-and β-direction, the total force and moment resultants, including the elastic and control effects, are
When equations (17)- (20) are substituted into equation (6), the system of equations now becomes
Equation (21) can be used to determine a response of a spherical shell to control forces generated by photostrictive actuators.
Active control of spherical shells
Based on the modal expansion method, the total response u z (φ, β, t) of the shell is composed of all participating modes of the shell:
where η m is the mth modal participation factor and U zm is the mode shape function. For a simply-supported spherical shell with axisymmetric oscillation, the transverse mode shape function can be approximated by
where A m is the mth modal amplitude and φ is the meridional angle measured from the pole. φ varies from 0 (pole) to φ * (boundary rim) for a shell with a closed apex. Introducing the modal expansion equation into equation (21), integrating over the whole shell surface and applying the modal orthogonality, the mth modal equation of the spherical shell can be found as
where the overdots represent differentiation with respect to time, ξ m is the damping ratio and ω m is the natural frequency of the mth mode. The parameter F m is called the modal control force and is defined as
where
Consider a spherical shell with actuators only in the meridian direction (φ direction). In such a case, only the membrane force N c φφ and bending moment M c φφ are present. Thus, the modal control force becomes
In view of the above equation, it should be noted that the first three terms are related to the bending effect and the fourth term is contributed by the membrane effect. Substituting equations (13), (14) and (23) into equation (27), with characteristics of the Dirac delta and unit step functions, each term can be rewritten as
As shown by equations (28)- (31), the modal control force F mφ depends on the mode numbers, the actuator material properties and the locations and dimensions of the actuator patches. Recall that the first three terms of equation (27) are related to the bending effect and the fourth term is contributed by the membrane effect. Thus, the total control force can be further divided into bending and membrane control components. Equation (27) can be written in a reduced form as follows:
where (F φm ) bend denotes the bending moment control effect resulting from M c φφ and (F φm ) mem denotes the membrane force control effect resulting from N c φφ .
(F φm ) bend and (F φm ) mem can be used as the index for the system's active control authority. By comparing the index, the effect of actuator patch configuration on suppressing the individual modes of the shell is then disclosed from which the optimal patch position and orientation are determined. Consequently, the shell can be made more controllable by properly placing and orienting the patches.
The procedure for deriving modal control force equation for the actuator oriented in the β direction is similar to that for the actuator oriented in the φ direction. For a β actuator, the modal control force is
As established previously, equation (33) can be rewritten as
where ( Mass density ρ a = 7.6 × 10 3 kg m 
Illustrative example, results and discussion
The present study is concerned with the optimal configurations of the photostrictive actuators for suppressing the vibration of a shallow spherical shell. The dimensions of the host spherical shell are R = 15 cm, φ * = π/3 and h = 0.5 mm. The Young's modulus of the host shell is 2.1×10 11 N m −2 and its mass density is 7.8 × 10 3 kg m −3 . The shell is controlled by the photostrictive actuators of length l a = 2 cm, width w a = 0.75 cm and thickness h a = 0.2 mm. The actuators are bonded symmetrically over the top and bottom surfaces of the shell. The material properties of the actuator are summarized in table 1. Two different actuator orientations, φ actuator and β actuator, are considered. Recall that the φ actuator is the actuator which lies along the φ direction and its polarity is also in the φ direction. The β actuator is the actuator oriented in the β direction.
For smart structure vibration control, actuator placement is a very important issue. To study the effects of actuator location on the control action, modal control forces of actuator patches at various locations are evaluated. The controllability of the first two vibration modes is considered. Figures 4 and 5 show the curves of (F φm ) bend and (F φm ) mem against the actuator's position (the mid-point of the actuator). In figures 4 and 5, the actuators are oriented in the φ direction. Figure 4 is for mode 1 and figure 5 is for mode 2. Likewise, for the β actuator, the modal control actions, (F βm ) bend and (F βm ) mem , are also calculated. The results are shown in figure 6 for the first mode and in figure 7 for the second mode. In figures 4-7, each data point represents the actuator's control effects at specific patch locations. The curves show the variation of control force along the spherical shell surface in the meridional direction. Thus, modal control forces of actuator patches moving from the top pole to the bottom rim in the meridional direction can be clearly observed in these figures. A glance at those results reveals that the membrane control force dominates the overall control effects. However, the contribution of bending effect increases as the mode number increases.
The comparison of the results presented in figures 4 and 6 (or figures 5 and 7) shows that, in even the different orientations, the actuator's membrane effect is about the same. However, for the φ actuator, the bending control effect is much stronger compared to the β actuator.
As shown in figures 4 and 6, actuator patches located at the pole provide the best control effect for the first mode, i.e. the actuator patches at that position have the maximal control force. As the actuator patch is moved farther from the pole, the control force decreases. Referring to figures 5 and 7 for the second mode, however, there are positive and negative control forces induced by the actuator moving in the meridional direction on the shell surface. The positive forces induce positive control effects and the negative forces aggravate the vibrations when the positive control signals are used. However, since the sign of the control signals can be manipulated by controlling the direction of light, one should look at the 'absolute' magnitudes to infer the 'absolute' control effectiveness at these locations. Thus, for mode 2, there are two effective locations for the actuator patch. For mode 1 and 2, it is recommended to place the actuator at the pole, though it is not necessarily the only best position for mode 2.
Conclusions
This paper has evaluated the control effectiveness of photostrictive actuators and examined the control actions and authorities of these actuators laminated on a thin shallow spherical shell. Mathematical models and governing equations of the spherical shell are defined first. The fundamental photostrictive constitutive is reviewed.
Expressions for the photo-induced forces and moments are also developed. Actuator control forces and control authorities at various actuator locations on a shallow spherical shell are investigated. Distributed modal control effects as well as membrane and bending control are evaluated. The analytical results obtained indicate that (1) the bending control effect is relatively insignificant as compared with the membrane control effect; (2) the bending control action of the φ actuator is higher than that for the β actuator; and (3) a centrally located actuator patch yields the most effective control action for most natural modes of the simply-supported shallow spherical shell.
